Introduction. The aim of this paper was to determine whether arteriovenous differences of pH and pCO 2 are useful predictors of adverse neonatal outcome in acidemic neonates. Material and methods. An established database of 8759 term, singleton, non-anomalous neonates with validated cord gases and outcomes [Encephalopathy (Grade 2/3), Apgar <7 at five minutes and composite neonatal outcomes of neurological and systemic involvement] was used. Analysis was of the cohort of the 520 acidemic (arterial pH <7.10) neonates. Chi-square tests with odds ratio (OR), 95% CI were calculated for dichotomous cut-offs of differences; hierarchical logistic regression was used to examine the predictive performance over and above arterial pH. 
Introduction
Intrapartum hypoxia is the principal mechanism by which labor is thought to contribute to morbidity, cerebral palsy and neonatal death (1, 2) . Arterial pH (ApH) is the most commonly used measure to assess the severity of the asphyxia insult and is well established as a useful predictor (3, 4) . Arterial base deficit is commonly used in addition, although it has recently been demonstrated that although a good predictor of adverse outcome (5), it does not add to the predictive value of ApH (6) . Lactate as a measure of the metabolic component has been proposed (5) . It is also notable that cord acidemia is not inevitable in neonates thought to have undergone asphyxia (3) . This might mean a different insult, such as chorioamnionitis, is present (7, 8) . ApH levels may not always reflect those in the fetal brain.
Key Message
Differences in the values of pH (H + ion concentration) and pCO 2 between the cord artery and vein do not add useful information to arterial pH in determining the prognosis of an acidemic neonate.
The limited predictive value of pH has led to interest in the importance of the differences between arterial and venous cord gas values. Differences might also provide information on the timing or nature of the asphyxia insult (9) . Cord compression, as found with cord prolapse and nuchal cord, may cause large arteriovenous (AV) differences, whereas placental failure or impaired uterine perfusion are more likely to cause small AV differences (10, 11) . It is widely thought in clinical practice that a large AV pH difference represents an acute event that the neonate is more able to tolerate. However, intrapartum injury through impaired gaseous exchange is often multifactorial, and cord gases are better used to predict adverse outcomes rather than the nature of the injury. Nearly 20 years ago it was suggested that large partial pressure of carbon dioxide (pCO 2 ) differences are associated with a worse outcome (12) ; conversely, better condition at birth has been attributed to large pH differences (13) . Possibly because of the uncertainty as to what AV differences mean, very little has been published on their predictive value.
The aim of this paper was to determine whether arteriovenous differences of pH (measured as H + ion concentration) and pCO 2 are useful predictors of adverse neonatal outcome in acidemic neonates.
Material and methods

Dataset
An established dataset was used (6) . This was an observational cohort study of non-anomalous (confirmed at postnatal discharge) singleton deliveries, at 36 +0 or more weeks' gestation, where complete and validated cord blood gas analyses were recorded. Details of all deliveries at a major teaching hospital were prospectively entered in a database. This was merged using hospital number and date of birth with the output from the unit cord gas analyzer (Radiometer ABL800 Flex, Radiometer Medical ApS, Denmark) to avoid transcription error. The study period was 23 June 2005 to 31 December 2009. The sampling rate during the study period was 45%: cord gas analysis was performed if electronic fetal monitoring had been used, at the discretion of the attending doctor or midwife. The sampling technique involved double clamping at least 10 cm of cord immediately after delivery and taking samples in pre-heparinized syringes and processing them within 15 min. Collection of cord gases and exclusion of unphysiological cord pH values was as previously described (6, 12) . Because of the logarithmic nature of pH, AV differences in H + ion concentration were used instead of pH. This was calculated within SPSS by removing the log scale from arterial pH and venous pH and then subtraction of the arterial value from the venous value to obtain the difference.
International Statistical Classification of Diseases codes (ICD-10) were used for the whole cohort to identify neonatal events. Where neonates were admitted to the neonatal unit prior to maternal discharge, their neonatal records, discharge summaries and imaging reports were inspected.
Adverse outcomes used are defined in Table 1 .
Statistical analyses
Statistical analyses were carried out using SPSS Version 22. (IBM, Armonk, NY, USA). First, the distribution of AV H + ion difference was examined. A Chi-square test with odds ratios and 95% confidence intervals was used to examine the relation between cut-offs (either 95th centile or previously published cut-offs) of differences and adverse outcomes. Univariate logistic regressions were performed as preliminary analyses to establish whether AV H + ion difference or AV pCO 2 difference was related to any of the adverse outcome measures. Significant relations were further explored using hierarchical (fixed-order entry) logistic regressions, where ApH was entered first, followed by either AV H + ion difference or AV pCO 2 difference, and the change in model fit was examined. 
Ethical approval
Results
Complete and validated cord gas data were available for 8797 neonates; the nature and number of exclusions have been published previously (6). Outcomes were not available in 38, so the analysis was performed on 8759. Arterial acidemia (ApH <7.1) was present in 520 (5.9%) and was severe (ApH <7.0) in 84 (0.96%). AV pH and pCO 2 differences were not normally distributed. The distributions were influenced by selection of the cohort, as neonates with an AV pH and pCO 2 difference <5th centile were removed to minimize the effect of cross contamination of the cord vessels (6, 12) . The median (interquartile range, IQR) of AV pH difference in the entire cohort was 0.0088 (IQR 0.07), with a median H + ion difference of 0.0052 (IQR 0.0042). The 95th centile of AV pH difference was 0.212 (H + ion 0.0127) and the 95th centile of AV pCO 2 difference was 31.3. AV difference was significantly related to ApH (r = 0.543, p < 0.001), as was AV pCO 2 difference (r = 0.456, p < 0.01).
The 520 acidemic (ApH <7.1) neonates were selected for further analysis. Table 2 shows the characteristics of this cohort. Table 3 shows the incidence of adverse outcomes in the cohort.
Large (>95th centile of the validated acidemic cohort) differences of AV H + ion (Table 3) were not related to adverse outcomes except low Apgar score, where they were associated with an increase in likelihood of a fiveminute score <7. Large pCO 2 differences (Table 4) significantly increased the risk of all outcomes except encephalopathy. However, the median ApH values were significantly lower where there were large AV differences. Table 5 shows replication of the analysis from Belai et al. (10) in the subset of 84 neonates with an ApH of <7.0, showing that a cut-off level of 25 mmHg did not predict adverse outcome.
Univariate logistic regressions confirmed that as continuous variables both AV H + ion difference and AV pCO 2 difference were significantly related to Apgar at five minutes (<7 vs. ≥7), with the greater difference being associated with greater likelihood of Apgar <7 at five minutes. AV pCO 2 difference was also significantly related to composite neurological adverse outcome and systemic involvement.
In Table 6 these significant relations were further explored using hierarchical (fixed-order entry) logistic regressions. AV H + ion difference significantly predicted Apgar <7 at five minutes beyond ApH, whereas AV pCO 2 was not a significant predictor of any adverse outcome beyond ApH.
Discussion
In this study we show that in acidemic neonates, the differences in H + ion and pCO 2 between artery and vein provide limited prognostic information. There is a clear association between large AV H + ion and pCO 2 differences and adverse outcomes, but the different median pH values suggest that this is largely because these extreme differences are more common in more severely acidemic neonates. Hierarchical regression confirms that these differences add little predictive value about the neonatal course.
To the best of our knowledge, AV pH differences of cord gases have not been so extensively studied before.
Nickelsen (13) suggested neonates with a large AV pH difference were in better condition at birth, and this is a common belief. Nevertheless, Belai et al. (12) found no correlation between AV pH differences and outcomes, a finding supported by the good predictive value of venous pH (14) . Our finding that there was a small increase in the incidence of low Apgar scores with a large AV H + ion difference is contrary to the commonly held view that this is a better situation than when the arterial and venous pH are close.
Belai et al. (12) suggested that a large pCO 2 difference was a better discriminator than ApH. They found that neonates with an AV pCO 2 difference above a cut-off of 25 mmHg, representing 59% of their neonates, were at greater risk of adverse outcome, accounting for 80-90% of adverse outcomes, for a 50-60% specificity. Whereas we show that very large pCO 2 differences (>95th centile, or a level of 55.7 mmHg) strongly predict adverse outcomes, the median pH in the extreme pCO 2 difference neonates is much lower. Indeed, regression analysis shows that pCO 2 differences are not an independent risk factor. Examination of their results suggests they did not completely compare the predictive values of AV pCO 2 differences and ApH. Nevertheless, exactly replicating their analysis, confined to the very low ApH subset, we were unable to find any increase in risk of adverse outcome with AV pCO 2 differences above their cut-off of 25 mmHg. This requires explanation. Their cohort is well established and contains more neonates with severe outcomes than ours. Indeed, their adverse outcome rate was very high, with a 26% rate of seizures and 50% rate of ventilation, higher than has been reported even in this low pH range (3). Our cord gas analysis rate was 45%, much higher than the reported 10% in their series, suggesting less opportunity for sampling bias. Another possible explanation lies with our validation procedure (15) .
The strengths of this study are that it involves a large established database (6) merged directly with the Radiometer data to eliminate transcription error, and the results were comprehensively validated to exclude unreliable and unphysiological values. There was robust validation (15) of outcome data with cross referencing of data from multiple sources. Our range of pCO 2 values is similar to published series, although we found no published ranges of AV H + ion difference. We chose to define acidemia as an ApH <7.1 because this is the level proposed by Yeh et al. (2012) and limiting our analysis to only severely acidemic neonates would render our findings less applicable to clinical practice. One problem is the logarithmic nature of pH: as has been pointed out (9), the change in H + ion concentration associated with a fall in pH from 7.0 to 6.9 is almost twice that associated with a fall in pH from 7.3 to 7.2. We therefore used H + ion level differences rather than pH differences. The limitations are common to any large database. Our outcomes, although robust, are not long-term. The number of acidemic neonates is not large because of the rarity of significant acidemia. Our cord sampling rate, 45% of all deliveries, was higher than in other series but bias from selective sampling is inevitable. This should not, however, influence analysis of the predictive value of the samples. It is also possible that our validation procedure, by artificially eliminating the neonates with the lowest 5% of AV H + ion and AV pCO 2 differences in an attempt to minimize transcription error, may have adversely affected the interpretation of very small AV differences. Finally, the database is now relatively old: however, this does not detract from its validity and analysis of more recent data will be subject to greater bias, as we have witnessed a large drop-off in cord gas analysis with delayed cord clamping.
Differences in the values of pH (H + ion concentration) and pCO 2 between the cord artery and vein do not add useful information to ApH in determining the prognosis of an acidemic neonate. 
